The forebrain, consisting of the telencephalon and diencephalon, is essential for processing sensory information. To genetically dissect formation of the forebrain in vertebrates, we carried out a systematic screen for mutations affecting morphogenesis of the forebrain in Medaka. Thirty-three mutations defining 25 genes affecting the morphological development of the forebrain were grouped into two classes. Class 1 mutants commonly showing a decrease in forebrain size, were further divided into subclasses 1A to 1D. Class 1A mutation (1 gene) caused an early defect evidenced by the lack of bf1 expression, Class 1B mutations (6 genes) patterning defects revealed by the aberrant expression of regional marker genes, Class 1C mutation (1 gene) a defect in a later stage, and Class 1D (3 genes) a midline defect analogous to the zebrafish one-eyed pinhead mutation. Class 2 mutations caused morphological abnormalities in the forebrain without considerably affecting its size, Class 2A mutations (6 genes) caused abnormalities in the development of the ventricle, Class 2B mutations (2 genes) severely affected the anterior commissure, and Class 2C (6 genes) mutations resulted in a unique forebrain morphology. Many of these mutants showed the compromised sonic hedgehog expression in the zona-limitans-intrathalamica (zli), arguing for the importance of this structure as a secondary signaling center. These mutants should provide important clues to the elucidation of the molecular mechanisms underlying forebrain development, and shed new light on phylogenically conserved and divergent functions in the developmental process. q
Introduction
The vertebrate forebrain, consisting of the telencephalon and diencephalon, is formed at the most rostral portion of the developing central nervous system (CNS). The telencephalon is the highest-order processor of neural functions, and the diencephalon is the conduit for ascending sensory information. Each territory of the forebrain is further regionalized along the respective anteroposterior (AP) and dorsoventral (DV) axes. These structures in the forebrain and their connections are essential for processing sensory information, integrating of new sensory information with established memories, and then formulating and effecting behavioral responses (Wilson and Rubenstein, 2000; Rallu et al., 2002) .
The vertebrate forebrain was proposed to be subdivided in a segment-like manner into transverse neuromeric domains (prosomeres) analogous to rhombomeres in the hindbrain; on the basis of restricted expression patterns of transcription factors (neuromeric model, Bulfone et al., 1993; Figdor and Stern, 1993; Puelles and Rubenstein, 1993; Hauptmann and Gerster, 2000) .
In all vertebrates, the developing telencephalon is subdivided into the dorsal (pallial region, expressing emx1) and ventral (subpallial region, expressing dlx2) domains. In the mammalian telencephalon, dorsal, pallial regions give rise to the cortex, while ventral, subpallial regions give rise to the basal ganglia. Similar pallial and subpallial subdivisions of the telencephalon exist in all vertebrates (Fernandez et al., 1998; Puelles et al., 2000) , although the adult derivatives of these subdivisions vary among species.
The diencephalon is proposed to be divided into four longitudinal neuronal zones-dorsally, epithalamus, dorsal thalamus, ventral thalamus; and ventrally, hypothalamus (Figdor and Stern, 1993; Hauptmann et al., 2002) . The dorsal and ventral thalami are divided by the zona limitans intrathalamica (zli). Although it is yet to be proven, the zli has been suggested to be a secondary signaling center, since the secreted signaling protein sonic hedgehog (shh) is expressed in the zli.
Theories of the formation of the subdivisions of the forebrain, however, are established on the bases of restricted expression patterns, mostly of transcription factors. Most of these transcription factors were cloned either by the homology of genes identified in the forward genetic mutant screening of invertebrates, such as Drosophila melanogaster and Caenorhabditis elegans, or by expression pattern screening. Functional studies of these genes have been carried out by the reverse genetic approach in the mouse or gain-of-function studies in chick, Xenopus and zebrafish. These studies, however, were still limited to the genes initially cloned by homology or expression patterns, but not their functions.
Genome-wide forward genetic screening based on the functions of genes, carried out using zebrafish for the first time in vertebrates, together with gene knock-out mice, established a genetic basis for the three key signaling pathways for the patterning of the forebrain. The Nodal pathway acts upstream of Shh signaling to specify the ventral telencephalon (Rohr et al., 2001; Varga et al., 2001 ), but Nodal and Shh signaling have distinct and cooperative roles in the development of the ventral diencephalon (Mathieu et al., 2002) . However, the precise roles of Shh signaling, such as the source and time of action for the patterning the forebrain, remain to be elucidated. Wnt signaling is also reported to be important for patterning of the forebrain along the anteroposterior (A-P) axis (Kim et al., 2000; Heisenberg et al., 2001 ). The first row of cells at the rostral margin of the neural plate were shown to pattern the anterior forebrain anteroposteriorly (Houart et al., 1998) and its function has been ascribed to the secretion of the Wnt antagonist, tlc (Houart et al., 2002) , corroborating the importance of Wnt signaling for A -P patterning in the forebrain in zebrafish. Nevertheless, insights obtained from existing mutants are still fragmentary due to the limited number of mutants.
In vertebrates in which the functions of multiple genes often overlap, mutagenesis screens in a single species is not sufficient for uncovering all functioning genes in a genetic cascade or in the development of an organ, but this limitation should be largely alleviated by the use of another related animal species. Thus, to define the genetic components of the signaling required for patterning of the forebrain and their interplay, we have undertaken a largescale mutagenesis screen in Medaka. Here, we report the initial characterization of 33 mutations in 25 complementation groups exhibiting specific defects in the development of the forebrain. These mutants show a reduction in the size of the telencephalon, and defects in the formation of the ventricle or axogenesis. These mutants are often phenotypically distinct from those of mutants isolated in zebrafish (Brand et al., 1996a,b; Furutani-Seiki et al., 1996; Heisenberg et al., 1996; Schier et al., 1996) , supporting the importance of this fish species which complements zebrafish.
Results

Development and regionalization of forebrain in wild-type Medaka embryos
The forebrain formed at the most rostral portion of the neural plate is composed of the telencephalon and diencephalon, occupying its dorsoanterior and ventroposterior portions, respectively. In Medaka, the forebrain becomes distinguishable from the midbrain at the histological level at stage 19 (st. 19), 27 hours post fertilization (hpf) at 28 8C (Fig. 1A) , (Iwamatsu, 1994) , and morphologically at st. 21 (Fig. 1B) . During st. 19 and 21, the tissue initially located at the rostral end of the brain tissue is displaced to the ventral side of the brain. At st. 23 (41 hpf), the forebrain ventricle starts to form (Fig. 1C) . During st. 23 and st. 27, the initially linear anteroposterior (A -P) axis through the brain is bent in the diencephalon area forming the ventral diencephalon (hypothalamus) overlain by both the dorsal diencephalon and mesensephalon, thereby establishing the dorsoventral axis of the diencephalon (Fig.  1D) . The cell layer of the roof of the telencephalon loses their thickness, and the telencephalon assumes its characteristic morphology. During st. 28-34 (64 -131 hpf), cells proliferate extensively in the ventricular zone, and the ventricle loses its space (Ishikawa and Hyodo-Taguchi, 1994) . The major axonal scaffolds in the forebrain, including commissural neurons, the supraoptic tract and sensory nerves, are formed by st. 34 (Fig. 1E) .
In zebrafish, it was demonstrated that the expression patterns of marker genes define the transverse and longitudinal subdivisions within the forebrain and midbrain (Macdonald et al., 1994; Hauptmann and Gerster, 2000) . Expression patterns of these markers seem to be well conserved in Medaka (Fig. 1F-H) . For the initial characterization of Medaka forebrain mutants, we carried out whole-mount in situ hybridization analysis using a mixture of probes, emx1/pax2.1/shh and dlx2/fgf8/slit2. The dorsal and ventral telencephalon express emx1 and dlx2, respectively. The diencephalon is divided into four domains; dorsal and ventral thalami, pretectum and hypothalamus. The zona limitans intrathalamica (zli), which expresses shh, divides the dorsal and ventral thalami. The ventral thalamus is marked by dlx2 expression.
Identification of forebrain mutants in Medaka
Since a specific patterning defect often causes later occurrence of localized cell degeneration (Furutani-Seiki et al., 1996) , we paid special attention to morphological abnormalities accompanied by cell degeneration. In the large-scale mutagenesis screen for embryonic pattern formation, we identified 33 mutations affecting forebrain development in Medaka mutants, exhibiting a variety of morphological defects and/or abnormal axonal pathways. These mutations were assigned to 25 complementation groups (Table 1) . We classified these mutations into two groups, on the basis of the type of defects in the telencephalon. Class 1 mutations were those primarily affecting the size of the telencephalon, while Class 2 mutations were those mainly causing abnormalities in the forebrain shape without significantly affecting the size of the telencephalon. All the isolated mutations were zygotic recessive, and in this paper homozygous embryos are referred to as mutants. Two mutations turned out to be temperature sensitive; kar j50-4A , which is sensitive to a low temperature (18 8C); and ika j94-8A , which is sensitive to a high temperature (33 8C).
Class 1 mutations affecting telencephalon size
We have identified 15 mutations in 11 genes of this class causing reduction in telencephalon size (Fig. 2 , arrowheads in A -F). According to the onset of the phenotype, we classified the Class 1 mutations into four subclasses, as summarized in Table 1. 2.3.1. Class 1A and 1B mutations affecting subregions of the telencephalon
In kentoku (ket j23-3B ) and aonibi (aon j9-2F ) mutant embryos, morphological defects appeared to be restricted to the telencephalon (Fig. 2B,C) , whereas in kobesshimi (kob j35-6D ) and bouzu (bou jr118-2A ) mutant embryos, size reduction occurred also in the midbrain (Fig. 2D,E) . On the other hand, nopperabo (nop j80-19B ) mutant embryos exhibited a characteristic phenotype, that is a reduction in forebrain size accompanied by the enlargement of the midbrain, reminiscent of that of masterblind (mbl) and headless (hdl) mutants in zebrafish (Fig. 2F) .
Class 1 mutant embryos at st. 31 were immunochemically stained with anti-acetylated-tubulin and HNK1 antibody to examine the paths and fasciculation of axons ( Fig. 2G -L ). In the wild type embryos, the olfactory nerve, anterior commissure, supraoptic tract and optic nerve were clearly stained (Fig. 2G ). All Class 1 mutants showed interesting abnormalities in these nerves. In ket mutant embryos, anterior commissure nerves were not fully fasciculated (black arrowhead in Fig. 2H ), displaced and lacked association with the olfactory nerve (white arrowheads in Fig. 2H ), and the supraoptic tract was not clearly detected. In aon mutant embryos, the olfactory nerve and supraoptic tract were not detected, the anterior commissure lacked fasciculation (white arrowhead in Fig. 2I ), and bundle formation of the optic nerve was also affected (black arrowhead in Fig. 2I ). kob mutants were unique in that only olfactory nerve was affected and lacked fasciculation (arrowhead in Fig. 2J ). In bou mutant embryos, the axons in the anterior commisure were totally defasciculated, and the commissure did not form (arrowhead in Fig. 2K ). In the nop mutant embryos, all axonal paths were so severely affected and in astray that the nerves in the forebrain were not morphologically distinguishable each other (arrowhead in Fig. 2L ). In addition, the olfactory bulbs appeared to be missing in nop mutant embryos (Fig. 2L ). Thus, Class 1 mutants share the commonality of a reduced telencephalon size, but alterations of the nerves and their paths were affected distinctly.
Class 1 mutants were also examined for the regional markers of the forebrain by in situ hybridization with two sets of probes, emx1/pax2.1/shh and dlx2/fgf8/slit2 ( Fig. 2M -X ). Consistent with a smaller telencephalon, Class 1 mutant embryos generally showed a reduction in emx1 or dlx2 expression in the telencephalon.
In ket and nop mutant embryos, the emx1 expression was strongly reduced (black arrowhead in Fig. 2N ,R) and the dlx2 expression in the ventral telencephalon was almost absent (black arrowheads in Fig. 2T,X) . In these mutants, the shh expression along the floor of the diencephalon (white arrowheads in Fig. 2N ,R) dorsally expanded and, in ket mutant embryos, the expression in the zona limitans intrathalamica (zli) was lost (asterisk in Fig. 2N ). The dlx2 expression in the ventral thalamus showed an anterior shift (white arrowhead in Fig. 2T) . In nop mutants, the dlx2 expression marking the ventral thalamus anteriorly shifted, which was accompanied by the anterior expansion of the dlx2 expression in the pharyngeal arch region (arrow in Fig. 2X) .
In aon mutant embryos, the emx1 expression shifted ventrally (broken line in Fig. 2M,O) . Concomitantly, two domains of the dlx2 expression in the ventral telencephalon and ventral thalamus shifted posteriorly (broken line in Fig. 2S ,U to show the anterior limit of the dlx2 expression; black and white arrowheads in Fig. 2U ). The anteroventral region of the diencephalic shh expression was reduced (white arrowhead in Fig. 2O ) and the shh expression in the zli was abolished (asterisk in Fig. 2O) .
In kob mutants, the emx1 expression shifted ventrally (broken line in Fig. 2P ) and the dlx2 expression in the ventral telencephalon shifted posteriorly (broken line and black arrowhead in Fig. 2V) , and the dlx2 expression in the ventral thalamus decreased (white arrowhead in Fig. 2V ). shh expression in the zli and ventral diencephalon was low (asterisk and white arrowhead in Fig. 2P, respectively) .
In bou mutant embryos, the emx1 expression domain seems compressed anteroposteriorly (black arrowhead in Fig. 2Q ) and the dlx2 expression in the ventral thalamus became noncontinuous (white arrow head in Fig. 2W ). The shh expression in the diencephalon was only rudimentary (white arrowhead in Fig. 2Q) .
Thus, different patterning defects in the forebrain are included in these Class 1 mutants with smaller telencephalon. It is important to note that the majority of the mutants of this Class had an altered shh expression, particularly a reduction of shh expression in the zli.
Class 1A mutant kentoku representing an early fuction in telencephalon development
The expression of an early telencephalic marker bf1 (Tao and Lai, 1992) was examined in all the Class 1 mutants. In wild-type Medaka embryos, bf1 expression becomes detectable in the most anterior region of the brain at st. 19. ket mutant at st. 20 uniquely lacked the bf1 expression (Fig. 3A,B) . This observation indicated that ket is required in an early step in telencephalon development, possibly in the induction process. In nop mutant embryos, bf1 expression was reduced at st. 20 probably due to the expansion of the diencephalon and mesencephalon at the expense of the telencephalon. In the rest of Class 1 mutants, bf1 expression appeared normal (data not shown).
Class 1C mutation affecting maintenance of the telencephalon
In hannya (han j41-3B ) mutant embryos, the distance between the eyes decreased (arrow in Fig. 4A,E ), but the floor plate was normal (data not shown), ruling out general midline defects. The expression of dorsal emx1 was reduced in han mutant embryos (arrowheads in Fig. 4D,H) . The projection pattern of trigeminal nerves was altered such that they did not extend toward the ventral surface of the forebrain at st. 31 (arrowheads in Fig. 4B,C,F,G) . By contrast, the anterior commissure appeared normal. This phenotype was unique to han mutants and distinguished them from other Class 1 mutants.
Class 1D mutations exhibiting the phenotype similar to that of oep in zebrafish
The mutants of akatsuki (aku j22-15A ), akebono(ake j54-7A ) and mochizuki(moc j96-11B ), classified to 1D all displayed a drastic morphological phenotype similar to that of oneeyed-pinhead (oep) in zebrafish ( Fig. 5A -D) , where only one median eye was formed and the ventral brain tissue was severely affected. This phenotype was very similar to that of the zebrafish oep mutant . These three Medaka mutations sharing similar forebrain phenotypes complemented each other. 
Class 2 mutations affecting the morphology of the forebrain
Class 2 mutations affecting forebrain shape without altering telencephalon size was divided into the subclasses, 2A to 2C, based on other associated phenotypes (Tables 1 and 2 ).
Class 2A mutations affecting the forebrain ventricle
We have identified mutations in 6 genes affecting the formation of the forebrain ventricle. In sarudahiko (sar j106-4A
) and tengu (ten jr10-4D ) mutant embryos, the ventricle of the forebrain did not inflate (arrowheads in Fig. 6A -C) , the emx1 expression did not extend ventrally as in the wild type (black arrowheads in Fig. 6P -R) , while the dlx2 expression remained normal (data not shown). It is remarkable that the shh expression in either the brain or the floor plate was absent, suggesting a defect in midline signaling (white arrowheads in Fig. 6Q,R) . At the histological level, neuroepithelial cells in the forebrain and cortical layers of the retina were round and did not exhibit the characteristic polarized cell morphology (Fig. 6F-H,K -M) . The defect at the cellular level may account for the defect in the histogenesis of the forebrain ventricle in these mutants. sar and ten mutants also shared a common defect in the cardiovascular system.
In karuna (kar j50-4A ) and oobesshimi (oob j103-11A ) mutant embryos, in contrast, the forebrain ventricle was abnormally expanded (arrowheads in Fig. 6A,D -F,I ,J). kar mutant embryos also had small eyes (Fig. 6D,I ), and a forebrain ventricle open on the ventral side (open arrowhead in Fig. 6I ). The shh expression in the diencephalon was altered in kar mutant embryos (white and black arrowheads in Fig. 6S ), suggesting that the patterning of the ventral forebrain is affected. In addition, the bilateral retinas were not completely separated in the midline (black arrowhead in Fig. 6I ). It is interesting to determine whether this is caused by the altered development of the optic stalk or by a defect in the morphogenetic movement of diencephalon to split a single retinal field into bilateral optic primordia (Varga et al., 1999) .
In oob mutant embryos, the enlarged ventricle could be observed from st. 25. The roof layer of the telencephalon appeared to be absent and the telencephalon became swollen at later stages (arrowhead in Fig. 6J ). Despite the malformation of the forebrain ventricle, the cells in the neuroepithelium were normally polarized (Fig. 6J,O) , and the general pattern of gene expression was not significantly affected, except for the reduction in shh expression in the diencephalon (arrowhead in Fig. 6T ).
Class 2B mutations affecting formation of anterior commissure
Anterior commissure nerves connect the two telencephalic hemispheres. We have identified two genes required for the formation of the commissure of bilateral axons from the dorsal telencephalon (Class 2B mutants).
In shikami (shi j92-3A ) mutant embryos, axons from the bilateral telencephalic halves did not associate with each other at the midline (arrowhead in Fig. 7D) . Interestingly, it appears that axons originating from one side of the telencephalon crossed once to the other side then returned to the midline. The telencephalon tended to be distorted in shi mutant embryos (arrowhead in Fig. 7C ).
In ikazuchi (ika j94-8A ) mutant embryos, axons from telencephalic clusters defasciculated and formed ectopic minor commissures in the dorsal telencephalon (arrowhead in Fig. 7F ). The forebrain of ika was slightly enlarged (arrowhead in Fig. 7E ).
2.4.3. The baltan mutation of Class 2D with a unique set of forebrain defects baltan (bal j102-2A ) mutant embryos were recognized by an early focal neural degeneration in the forebrain, leading to a reduction of the forebrain size and an edema (Fig. 8A,G) . Surprisingly, staining of axons of cranial nerves revealed that many axons crossed the midline at various A -P levels, causing a ladderlike appearance (arrowheads in Fig. 8B,H) . The bilateral optic nerve did not form a chiasm between the eyes but crossed the midline at the anterior commissure (arrowheads in Fig. 8C,I ). The emx1 expression was absent and the dlx2 expression in the ventral telencephalon was attenuated (black arrowheads in Fig. 8D ,E,J,K). dlx2 expression in the ventral thalamus was markedly reduced (white arrowheads in Fig. 8E,K) , suggesting a seriously defective regionalization of the forebrain in the baltan mutant. Moreover, bf1 expression at the induction phase of telencephalon was remarkably reduced (Fig. 8F,L) . These results suggested that bal is necessary for early specification of the forebrain as well as proper axonal projection of cranial nerves.
Discussion
3.1. Class 1 mutations causing smaller telencephalon ket mutants are remarkable for their compromised expression of the early telencephalon marker bf1 (Fig. 3) . In parallel, both emx1 expression in the dorsal telencephalon and the dlx2 expression in the ventral telencephalon are strongly reduced, raising the possibility that ket is a key regulator required for specification of the telencephalon (Fig. 2N,T) . The phenotype of ket mutants is reminiscent of that of the bf1 knockout mouse with hypoplasia of the cerebral hemispheres and more severe defects in the basal region of the telencephalon (Dou et al., 1999) . The expression of both bf1 and emx1 is reduced in tlc-knockdown embryos after the injection of antisense morpholino oligonucleotides (Houart et al., 2002) . The possible genetic linkage of ket with bf1 and tlc is currently under investigation. In mice, Fgf8 induces bf1 expression under in vitro culture condition of the forebrain tissue (Shimamura and Rubenstein, 1997) . However, telencephalon is somehow formed in the fgf8 mutants of mice and zebrafish, suggesting it alone is not responsible for induction of the telencephalon (Meyers et al., 1998; Reifers et al., 1998; Shanmugalingam et al., 2000; Shinya et al., 2001) .
The major feature of aon and kob mutants is their defect in dorsoventral (D -V) patterning in the telencephalon. The tissue area for emx1 expression in the dorsal telencephalon expands or shifts ventrally, and the dlx2 expression in the ventral telencephalon is reduced and posteriorly displaced ( Fig. 2O,P,U,V) .
shh-null mice lack any signs of the medial ganglionic eminence (MGE), which is the ventral portion of the basal ganglia, indicating that Shh is required for the patterning of the ventral telencephalon (Chiang et al., 1996) . However, it is yet to be determined which part of shh expression in the forebrain is required for the D -V patterning of the telencephalon. All the Class 1 mutants have an altered shh expression, particularly in the zli (Fig. 2N -R) . The zli not only forms a clear histological border between the dorsal and ventral thalami (Larsen et al., 2001 ), but, for its shh expression, is considered to function as a secondary organizing center. The presence of patterning defects of the telencephalon in Class 2 mutants corroborates this notion.
It is to be noted that the phenotype of the Class 1 mutants associated with the decreased expression of shh in the forebrain does not resemble those of zebrafish mutants defective in sonic hedgehog signaling, sonic you (syu), detour (dtr), you-too (yot) and slow-muscle-omitted (smu), in which shh, gli1, gli2, foxh1 and smoothened, respectively, are mutated and the primary causes are defects in the midline tissues (Schauerte et al., 1998; Karlstrom et al., 1999; Barresi et al., 2000; Chen et al., 2001; Varga et al., 2001; Karlstrom et al., 2003) .
The phenotype of the nop mutant, characterized by the expansion of the diencephalon and mesencephalon at the expense of the telencephalon tissue (Fig. 2F) , is reminiscent of those of masterblind(mbl) and headless (hdl) mutants of zebrafish. In these zebrafish mutants, the genes coding for the negative regulators of Wnt signaling, tcf3 and axin1, respectively, are mutated, possibly resulting in the overactivation of Wnt signaling throughout the forebrain (Kim et al., 2000; Heisenberg et al., 2001) . It is also known that a secreted Wnt antagonist tlc is expressed in the anterior neural ridge (Houart et al., 2002) . Whether the nop gene function is involved in Wnt signaling is of an immediate interest.
3.2. Patterning defects resulting in defective formation of forebrain ventricle sar and ten mutants lack polarized cell shape in the neuroepithelium on one hand (Fig. 6L,M) , and show an attenuated shh expression in the forebrain and spinal cord on the other (Fig. 6Q,R) . It is currently under investigation how these phenotypes correlate with each other.
In oob mutants showing the expansion of the forebrain ventricle, the roof plate is missing and the basal plate is thicker (Fig. 6J ). This phenotype may reflect an altered D -V patterning or a defect in the histogenetic process dependent on cell -cell interactions. It is interesting to note that the phenotype of oob mutants somewhat resembles that of the zebrafish parachute mutant of the N-cadherin gene (Lele et al., 2002; Erdmann et al., 2003) .
Mutations affecting axonal paths in the forebrain
Class 2B mutants have characteristic defects in the formation of the anterior commissure. Interestingly, the formation of the anterior commissure is affected differently in shi and ika mutants, suggesting that shi and ika may be required for a distinct process in anterior commissure formation (Fig. 7) .
It is suggested in zebrafish that a commissure is formed through three steps (Bak and Fraser, 2003) . The first step is the extension of the leader axon toward the midline through the already defined axonal tract. The growth cone senses and integrates attractive and repulsive midline cues for their behavior. The second step is the growth and extension of the follower axon along the leader axon toward the midline and its fasciculation with the leader axon. The third step is the interaction of the axons with the leader axon of the opposite side across the midline and mutual fasciculation. In this way, the leader axons from two sides cooperate with each other to establish a commisure across the midline.
In ika mutants, the first step may be disturbed since the anterior commisure was formed but in an ectopic position (Fig. 7F) . The group of Class 1 mutants, bou, ket and aon, may have a defect in the second step. The failure of the axons to properly cross the midline in bou mutants may be explained by the loss of interaction between the leader and follower axons (Fig. 2K) . In ket and aon mutants, a mild defasciculation of axons in the anterior commissure was observed (Fig. 2H,I ).
In bal mutants, the anterior commissure and optic nerve joined together. In the region between the anterior commissure and the optic nerve, Netrins, the repulsive cues for axons, are known to be expressed. Indeed, the netrin expression in this region was altered in noi and ace zebrafish mutant embryos, accompanied by abnormalities of the anterior and postoptic commissures (Macdonald et al., 1997; Shanmugalingam et al., 2000) . It would be interesting to determine whether the netrin expression between the anterior commissure and the optic nerve is altered in bal mutants. In shi mutants, the third step may be affected, since the commissure structure crossing the midline was not established.
In the Class 1 mutants which have altered gene expression pattern, the formation of axonal scaffolds in the forebrain is also affected, as summarized in Table 2 . In zebrafish, the boundaries of regulatory gene expression domains correspond in many cases to early axonal scaffolds in the forebrain (Macdonald et al., 1994) . It has been hypothesized that a growth cone extends along the interface between two domains of cells with different cell surface properties. Class 1 Medaka mutants should prove useful in testing this hypothesis.
Medaka and zebrafish complement to genetically dissect forebrain formation
We have identified 25 loci required for the formation of the forebrain in the systematic screen in Medaka. Although screenings covering the whole genome have already been carried out in zebrafish, we identified a battery of mutations resulting in phenotypes that were not observed in the zebrafish mutant collection. This could reflect (1) the difference in the functional overlap of genes, (2) the difference in the regulation of forebrain development, (3) the difference in susceptibility to mutagens of a genetic locus between Medaka and zebrafish.
Some other mutant phenotypes corresponded to those of identified zebrafish mutants. These mutated genes of shared phenotypes must be involved in the genetic pathways conserved between the two species. Interestingly, mutations in 3 genes, aku, ake and moc of Class 1D result in a phenotype similar to that of one-eyed-pinhead (oep) in zebrafish (Schier et al., 1997; Strahle et al., 1997) . In zebrafish, mutants of other genes involved in Nodal signaling, cyclops(cyc), squint (sqt), and schmalspur (sur) displayed slightly different phenotypes, suggesting a divergence of the molecular components in a signaling pathway between the two species (Hatta et al., 1994; Brand et al., 1996b; Malicki et al., 1996; Schier et al., 1996; Heisenberg and Nusslein-Volhard, 1997; Feldman et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998; Pogoda et al., 2000; Sirotkin et al., 2000) . Similarly, mutations in 3 genes, oob, sam, and sgu, caused phenotypes that are reminiscent of those of parachute zebrafish mutant of the N-cadherin gene. No mutations in other genes are reported in zebrafish to cause the parachute phenotype (Lele et al., 2002; Erdmann et al., 2003) . Cloning of these mutated genes in Medaka and the analysis of their function will reveal both conserved and divergent functions of the genes essential for forebrain formation. The results of the mutant screen in Medaka do demonstrate that zebrafish and Medaka complement each other in uncovering more genes and more functions involved in the developmental process.
Experimental procedures
Mutant embryos
Fish are mutagenized and screened for mutations as described in an accompanying paper (Furutani-Seiki et al., this issue). Mutant embryos were obtained by mating heterozygotes, reared at 28 8C, and staged according to the development of sibling normal embryos. Live embryos were photographed after removing the chorion and mounting in 2.5% methylcellulose.
Histological methods
Whole-mount staining of the embryos by in situ hybridization or with anti-acetylated tubulin/anti-HNK1 antibodies was performed as described by Hammerschmidt and Nusslein-Volhard (1993) . RNA probes for in situ hybridization were labeled with digoxygenin, and detected using an anti-digoxygenin antibody conjugated with alkalinephophatase, and reacted with BM purple (Roche) for color development. For histological sections, the embryos were fixed in 4% paraformaldehyde, dehydrated through ethanol series and embedded in Jung HistoResin Plus (Leica) and sections 4 mm thickness of were made.
